Mean blood flow rates through vascular graft segments incorporated into the arteriovenous shunt system were measured continuously using an ultrasonic flowmeter (Transonics, Inc) with a cuff-type transducer probe that fitted snugly around the Silastic tubing comprising the chronic shunt. In all studies, initial blood flow rates were 160 to 240 mL/min. Dacron grafts were initially placed and imaged after the injection of autologous "`In-labeled platelets. The Dacron graft segments were imaged continuously for up to 2 hours and then removed.
Platelet Labeling and Imaging
Platelet count and hematocrit determinations were performed on whole blood collected in Na2EDTA (2 mg/mL) using a J.T. Baker model 810 whole blood analyzer. Autologous porcine blood platelets were labeled with 1 mCi of "'In-oxine, as previously described.14'15 Labeling efficiencies averaged >85%.
Images of the grafts, including proximal and distal Silastic segments, were acquired with a General Electric Starcam scintillation camera. Immediately before imaging the vascular grafts, images were also acquired of a segment of 4.0-mm-ID Silastic tubing filled with autologous blood and having the same lumenal volume as the graft segment (blood standard). The radioactivities of the blood standard and 2-cm Dacron graft segments were measured in the same 3x6-cm region of interest (10x20 pixels) as defined by image analysis software routines. Images were acquired at 5-minute intervals. Deposited .'.In-platelet radioactivity was calculated by subtracting the blood standard radioactivity from the dynamic study images. The total number of platelets (labeled plus unlabeled cells) deposited at each 5-minute interval over the study period was calculated by dividing the deposited platelet radioactivity (cpm) by the circulating blood radioactivity (cpm/mL) and multiplying by the circulating platelet count (platelets per milliliter). 15 Intravenous Infusion of PPACK After a cutdown procedure to isolate an external jugular vein, an 8.3F, 40-cm-long pigtail catheter (Cook, Inc) was positioned in the right atrium under fluoroscopic guidance. The catheter was flushed with heparinized saline immediately after insertion and capped. Just before the experiment, the catheter was flushed with unheparinized saline. All solutions were administered at a rate of 1.0 mL/min using a syringe pump that was calibrated with a stopwatch and a graduated cylinder. PPACK Local Infusion of PPACK Local infusion of PPACK was performed using a device that was designed to deliver the infusate in a manner that achieved highest concentrations within the circumferential blood "boundary layer" adjacent to the wall of the tube (Fig 1) . The device was constructed from microporous expanded polytetrafluoroethylene (ePTFE, 4.0-mm ID) clinical vascular graft material (Gore-Tex, W.L. Gore and Associates, Inc). A cuff reservoir composed of a 5-mm-long ring of silicone rubber tubing (Silastic, Dow Corning) was placed over the ePTFE graft and secured in place using Silastic adhesive. PPACK was infused into the reservoir space between the Silastic ring and ePTFE graft exterior through a length of 1-mm-ID Silastic tubing inserted through the wall of the 5-mm-ID Silastic cuff.
The infused drug thus filled the reservoir, passed through the wall of the porous ePTFE graft, and entered the slow-moving blood layers at the interface between the blood and the graft wall (Fig 1) . This approach was developed to regionally anticoagulate only the annular ring of blood adjacent to the wall of the device and distal Dacron graft, thereby achieving markedly greater efficiencies than would be obtained for agents delivered uniformly over the entire cross section of the blood flow column (eg, as would be obtained with systemic drug administration). The 4.0-mm-ID infusion device was connected proximally and distally to 4.0-mm-ID Silastic tubing using the Silastic adhesive to prevent blood leakage and to ensure smooth transitions without hemodynamic perturbations between the different device tubing components. The infusion device was placed 2 cm proximal to the thrombogenic Dacron graft segment, which was prepared as described previously. All PPACK solutions were infused at a total volume rate of 0.1 mL/min for 60 minutes, with PPACK concentrations in the infusate adjusted to provide infused doses of 0.005, 0.01, and 0.02 ,g/kg per minute.
Bleeding Time Measurements
Bleeding time measurements were performed in duplicate on the shaved dorsal surface of the ear with a commercially available template bleeding time kit (Organon Teknica).
Statistics
All values are given as mean+SEM. Statistical analyses were performed using statistical analysis software and an IBM386 personal computer (SigmaStat). Statistical comparisons were (Fig 2) . At the intermediate dose, platelet deposition was reduced by 89% versus the control results (0.10±0.08x109 platelets; P<.001); at the highest dose, platelet thrombus formation was effectively abolished. For both local and intravenous PPACK therapy, the shapes of the dose-response curves were quite similar (Fig 2) . However, in order to produce equivalent antithrombotic effects, the doses that were required using the local approach were reduced by a factor of approximately 600 versus intravenous therapy. Interestingly, after either the intravenous or local infusions were terminated, platelet deposition increased within 15 (Fig 3) . Static local treatment of preformed thrombus with PPACK produced a significant inhibition of subsequent platelet accumulation using concentrations of either 2.5 or 5.0 mg/mL (Fig 4) . Although the duration of exposure of the graft-associated thrombus to PPACK was only 15 minutes, platelet deposition was inhibited throughout the 2-hour study interval (P<.05), indicating that a more sustained benefit was produced by this form of intensive local therapy. As expected, static exposure of thrombi to PPACK solutions (which were then discarded) produced no changes in bleeding time or clotting time parameters.
Discussion
It has been shown previously that the systemic administration of PPACK in a primate model of arterial thrombosis abolishes platelet-dependent thrombus formation at doses that markedly prolong bleeding times and activated partial thromboplastin times.7 The present results corroborate those findings and provide alternative strategies for delivering PPACK locally that effectively inhibit arterial thrombosis at doses several orders of magnitude lower than those required for systemic therapy, without compromising hemostasis.
Thrombin is the principal physiological agonist for platelet activation in vivo. Through a novel mechanism, thrombin cleaves the thrombin receptor on platelets, producing a neoaminoterminal receptor sequence that acts as a tethered ligand to initiate receptor signaling.16 PPACK produces specific irreversible inhibition of thrombin enzymatic activity by initially forming a reversible active-site complex, followed by rapid, irreversible acylation of catalytic site histidine residues.717 In vitro, PPACK potently inhibits thrombin-induced platelet activation, secretion, and aggregation.17 In vivo, thrombin bound to fibrin may remain enzymatically active18'19 and inaccessible to antithrombin III and other serine protease inhibitors. 20 Although thrombin bound to formed thrombus is relatively protected from inhibition by conventional heparin anticoagulation, it is susceptible to inactivation by low-molecular-weight, antithrombin-independent inhibitors because the sites of their interaction are not masked by thrombin binding to fibrin. Thus, the prolonged interruption of ongoing platelet accumulation onto preformed thrombus achieved by the static local delivery of PPACK was probably due to effective saturation of the thrombus by PPACK with inactivation of sequestered thrombin. Although PPACK is relatively specific for thrombin,7 it is also possible that the high local concentrations of PPACK that were used may have blocked other activated coagulation factors as well, such as factor Xa. In general, the results of the static delivery studies clearly demonstrate that thrombus reactivity depends critically on the availability of active coagulation proteases. Thrombus formation was also blocked by the infusion of PPACK, either systemically or locally, thereby reinforcing the conclusion that thrombogenicity per se may generally reflect the capacity of nonendothelialized surfaces to initiate reactions leading to the generation of thrombin.
In contrast to systemic infusion, local delivery of PPACK produced an inhibition of thrombus formation at doses that were several orders of magnitude (ie, 600-fold) below those required to achieve comparable antithrombotic effects with intravenous infusion. A major advantage of local drug administration is the potential to greatly reduce systemic side effects, since the absolute amount of compound administered is relatively small. The present study clearly documents this advantage because the local infusion rate of PPACK required to markedly inhibit thrombosis (0.01 ,g/kg per minute; Fig 2) was at least 1000-fold lower than the infusion rate required to produce a significant impairment of hemostasis (10 to 15 ,ug/kg per minute; Fig 3) .
The thrombosis model used in these studies involved blood exposure to thrombogenic Dacron vascular grafts that served to initiate clotting and anchor the growing thrombus.15 While this mechanism of thrombus initiation differs from that produced by angioplasty and other types of vessel injury, thrombus formation after the initiation phase proceeds through mechanisms that are quite similar to those triggered by natural tissue substrates; ie, thrombus growth occurs predominantly through platelet-platelet and not platelet-surface interactions.4-7 It is presumably for this reason that the Dacron graft model has predicted antithrombotic efficacy for therapeutic agents studied in a variety of thrombosis models.8921-23 On a mechanistic basis, PPACK might be expected to be globally effective for inhibiting platelet-dependent arterial thrombosis, a conclusion that is supported by previous studies with this compound. For example, systemic infusion of PPACK (45 ,tg/kg per minute) has been shown to block thrombus formation at sites of carotid artery endarterectomy22 and endovascular stent placement8 in primates, although hemostasis was profoundly impaired during PPACK infusion. Incorporation of PPACK into thin polymer films that were deployed with metallic stents also reduced stent thrombus formation in primates.23 After endarterectomy, even brief (1 hour) intensive systemic therapy with PPACK, which is cleared in vivo with a half-life of 2 to 3 minutes,7 produced a marked diminution of subsequent thrombus formation that persisted for at least 48 hours. 22 Thus, while longer-term studies remain to be performed with locally infused PPACK, this approach is expected to provide the same lasting benefit as observed in the systemic infusion models but without affecting hemostasis.
Efficient local drug delivery was achieved by infusing PPACK through the porous wall of a conventional clinical vascular graft material. This novel method documented the remarkable efficiency of boundary layer drug administration and, to our knowledge, is the first approach described for active local delivery of substances along the wall of tubular blood conduits. The efficiency of this method derives from the fact that agents are infused only into the slowest-moving blood layers along the vessel wall. For example, in the case of steady tube flow, it is readily shown that the annular ring adjacent to the tube wall, which contains 10% of the total tube cross-sectional area, transports only about 1% of the total volume flow.24 Drug infusion into this hypothetical annular region is thus 100 times more efficient than approaches delivering the same amount of drug uniformly over the entire vessel cross section. In practice, the method may be several orders of magnitude more efficient than intravenous therapy (eg, 600-fold in the present study), depending on actual pharmacokinetic and hemodynamic variables. This infusion method also has the advantage that agents can be delivered continuously for extended periods, as opposed to static delivery or other approaches involving brief vessel occlusion, but is limited in application to vessels that can be surgically grafted. Clinically, the method could conceivably be applied in patients with peripheral arterial grafts or arteriovenous dialysis access grafts at risk for early occlusion. Experimentally, this method should more readily permit efficient studies in larger animals of both thrombosis and vascular lesion formation, with agents previously available only in relatively small amounts or that could produce harmful or confounding side effects. For example, in a preliminary study, local infusion by this method of the potent thrombin inhibitor hirudin was found to reduce early smooth muscle cell proliferation by approximately 80% at sites of carotid artery angioplasty in baboons.25 Thus, we believe that consideration should be given to exploiting the concept of boundary layer drug administration Scott et al Local Delivery of Antithrombin 1955 clinically, perhaps by adapting the method for catheterbased or other delivery systems having broader utility.
Summary
These data clearly demonstrate feasibility for the concept of local drug delivery in the treatment of arterial thrombosis, a complication that is frequently encountered after angioplasty and other interventional procedures. Acutely, thrombosis was effectively treated by local administration of the direct irreversible antithrombin PPACK in doses that were orders of magnitude below the systemically effective doses without altering hemostatic function. While the long-term benefits of this approach remains to be established and the relative effectiveness of other antithrombotic pharmacological agents remain to be determined, the continued development of catheter-based systems that can deliver drugs locally may hold considerable promise for safe and effective therapy.
